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In this paper, particular attention was paid to the seismic enhancement effect of group-pile foundation with partial ground
improvement method that is used for existing pile foundations in practical engineering. A model test on a full system with a
superstructure, a nine-pile foundation and a sandy ground was conducted with the shaking table test device. The model pile is made
from aluminum and the model ground is made from Toyoura Sand. The shaking table test device is 120 cm in width and 160 cm in
length. The maximum acceleration is 1 g and the maximum displacement is 5 cm. The maximum payload is 16 kN and the highest
frequency is 10 Hz. The model ground is carefully prepared to obtain a ground with controllable uniﬁed density. Before the shaking
table test, the pattern of the partial ground improvement for an existed group-pile foundation is carefully selected using numerical tests
with a 3D elastoplastic static ﬁnite element analysis. In the analysis, the nonlinear behavior of ground and piles are described by the
cyclic mobility model (Zhang et al., 2007) and the axial force dependent model (AFD model) proposed by Zhang and Kimura (2002) can
take into consideration of axial-force dependency in the nonlinear moment–curvature relations. The applicability of the numerical
analysis has been veriﬁed in previous works by comparing the numerical results with a real-scale ﬁeld tests (Kosa et al., 1998). Based on
the results from the numerical tests on seismic enhancement effect of group-pile foundation with ground improvement, an optimum
pattern of partial ground improvement of an existing pile foundations has been picked out for shaking table test. A numerical analysis
using the program DBLEAVES (Ye, 2007) is also conducted for the same optimum pattern for comparison purposes. The effectiveness
of the partial ground improvement method has been proved by both the shaking table test and the numerical analysis.
& 2012 The Japanese Geotechnical Society. Production and hosting by Elsevier B.V. All rights reserved.
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In order to clarify the mechanical behaviors of pile
foundations at their ultimate state during strong earth-
quakes, a great volume of research based on the tests on
group-pile foundation subjected to lateral loading either in
model scale or in real-scale has been conducted. For
instance, Tokimatsu et al. (2007) conducted a shaking table
test using E-defense, one of the largest shaking table testg by Elsevier B.V. All rights reserved.
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interaction among soils, pile foundation and superstruc-
ture. Shirato et al. (2008) also conducted a large-scale shake
table experiment on the nonlinear behavior of pile-groups
subjected to lateral loading during huge earthquake.
Motamed et al. (2009) conducted a shaking table test using
E-Defense to investigate the behavior of pile group behind
a sheet pile quay wall subjected to liquefaction-induced
large ground deformation.
Uno et al. (2011) reported their results on shaking table
tests of bridge pile foundation in liqueﬁed ground, focusing
on the sectional force which occurred in the middle part of
pile. Ishizaki et al. (2011) conducted a dynamic centrifuge
model test to investigate the mechanical behavior of a pile-
supported building with semi-rigid head connection in
liqueﬁable soil. Bhattacharys et al. (2011) reported the
results of dynamic centrifuge tests to study the transient
bending moments in piles during liquefaction. Tazoh et al.
(2011) conducted centrifuge tests to investigate the seismic
behavior of batter pile foundation.
Also, many engineering problems related to pile founda-
tion subjected to lateral loading have been investigated.
Kimura et al. (2007) reported their research work on the
development and application of sheet piles with H-joint
steel pile in the construction of foundations for structures.
Shirato et al. (2006) made a careful investigation into the
effects of the stress-dilatancy behavior of soil on load
transfer hysteresis in the soil–pile interaction. Khan et al.
(2008) investigated the static stability of a sheet pile quay
wall improved by cement treated sea-side ground with
centrifuge model tests. Khan et al. (2009) also conducted
dynamic centrifuge tests to verify the behavior of a sheet
pile quay wall stabilized by sea-side ground improvement.
Tomisawa and Miura (2007) researched the mechanical
behavior of a pile foundation constructed in composite
ground. Motamed et al. (2010) did an experiment on large
pile groups in sloping ground subjected to liquefaction-
induced lateral ﬂow using 1G shaking table tests. Uzuoka
et al. (2008) reported their interesting results about the
effects of seepage and inertia on rate-dependent reaction of
a pile in liqueﬁed soil. Hara et al. (2010) conducted an
experimental study on the application of piled geo-wall, a
composite of independent reinforced soil structures with
pile foundation, as a seismic enhancement measure for
embankments. More detailed remarks on the research on
pile foundation engineering can be found by referring to
the work by Kusakabe and Kobayashi (2010).
It is known that during a strong earthquake, the
dynamic behavior of a group-pile foundation is related
not only to the inertial force coming from superstructures
but also to the deformation of the surrounding ground.
Therefore, in the seismic evaluation of group pile founda-
tions, it is necessary to understand the behaviors of both
group-pile foundations and superstructures simultaneously
during a major earthquake. Needless to say, a full-scale
loading test is the most accurate way to determine the
mechanical behaviors of deep foundations, but this isextremely expensive and time consuming. Numerical simu-
lation also plays a very important role in determining these
behaviors, and a large number of numerical studies have
been performed in this ﬁeld. Ye (2007) developed a three-
dimensional static and dynamic ﬁnite element analysis code
named DBLEAVES based on a ﬁnite deformation scheme.
In order to conﬁrm the applicability of the proposed
numerical method, a real-scale ﬁeld test of 9-pile founda-
tion subjected to horizontal cyclic loading (Kosa et al.,
1998) was simulated with a three-dimensional (3D) soil-
water coupling ﬁnite element method (FEM) using the
DBLEAVES. The results are quite convincing and the
applicability of the DBLEAVES has been ﬁrmly veriﬁed by
a comparison of the numerical results with the ﬁeld test
results (Jin et al., 2010).
In this paper, numerical tests on the seismic enhancement
effect of existing group-pile foundations with ground improve-
ment are ﬁrst conducted to ﬁnd out the optimum pattern of
ground improvement around existing pile foundations. In the
numerical tests, three inﬂuential factors are considered; that is,
the depth, the thickness (or height) and the width (or length) of
the ground-improvement zone around the pile group. The
numerical tests are conducted in the static push-over condi-
tion. The main purpose of the research is ﬁrstly to ﬁnd the
optimum pattern for partial-ground improvement around
an existing pile foundation, and secondly, to conﬁrm the
efﬁciency of seismic enhancement by the partial-ground
improvement method both by shaking table tests and numer-
ical analyses. As a consequence, the applicability of the
DBLEAVES for evaluating the seismic behavior of pile
foundations is veriﬁed again. In the numerical analyses, the
nonlinear behaviors of ground and pile are described by cyclic
mobility model (Zhang et al., 2007) and axial force dependent
model (AFD model) proposed by Zhang and Kimura (2002),
respectively.
2. Numerical tests on the reinforcement effect of ground
improvement around existing pile foundations
Cement-treated ground improvement around existing
group-pile foundations, as shown in Fig. 1, is one way to
effectively increase the seismic resistance of pile foundation
with some distinct advantages: it is low cost, and requires
relatively little time and little space for construction. Some
researchers and the applications of this method can be
found in the works by Maeda et al. (2008) and Adachi (2009).
The problem, however, is how to ﬁnd out the optimum
pattern since this depends on the size and the position of the
improved ground zone. In this section, numerical tests on a
group-pile foundation are conducted using the DBLEAVES
(Ye, 2007). Calculations are conducted in the static loading
condition. Based on the numerical tests results, the optimum
size and position of the ground improvement zone are
determined with the static analyses by judging the validity
of the ground improvement in different conditions.
Fig. 2 shows the geological proﬁle of ground and the
3D-FEM mesh used in the numerical tests. The ground is
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Fig. 1. Cement-treated partial ground improvement method for existing
group-pile foundation.
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Fig. 2. 3D-FEM mesh for static analysis in numerical test.
Table 1
Material parameters of Toyoura sand and cement-treated soil.
Material parameter Toyoura
sand
Cement-treated
ground
Compression index k 0.050 0.010
Swelling index j 0.0064 0.0030
Critical state parameter M 1.30 1.66
Void ratio N (p¼98 kPa on N.C.L.) 0.87 1.1
Poisson’s ratio m 0.30 0.15
Degradation parameter of
overconsolidation state m
0.01 0.10
Degradation parameter of structure a 0.50 0.05
Evolution parameter of anisotropy br 1.50 0.25
Table 2
Initial values of state parameters of Toyoura sand and cement-treated
soil.
Material parameter Toyoura
sand
Cement-treated
ground
Initial void ratio e0 0.69 0.74
Initial mean effective stress p (kPa) 196.0 98.0
Initial degree of structure R0
n 0.99 0.50
Initial degree of overconsolidation
OCR (1/R0)
30.0 50.0
Initial anisotropy f0 0.0 0.0
X. Bao et al. / Soils and Foundations 52 (2012) 1043–1061 1045composed of two layers, Toyoura sand layer in the upper
part and diluvial clay (DC) layer at the bottom as the
supporting layer of the pile foundation. Because of the
symmetric conditions of the geometry and loading, only
half of the domain is taken into consideration. The
boundary conditions of the ground are ﬁxed at the bottom,
sliding at the two side planes. The water table is located
1.5 m below the ground surface. The initial stress of the
ground is the gravitational ﬁeld if the effect of pile driving
is not considered. In the calculation, the soils are described
by the cyclic mobility model (Zhang et al., 2007) and the
material parameters and initial condition of the ground are
listed in Tables 1 and 2.
The model only employs eight parameters, among which
ﬁve parameters are the same as those used in the Cam-clay
model. Three other parameters, the parameter controlling
the collapse rate of structure, the parameter controlling the
losing rate of overconsolidation and the parameter
controlling the developing rate of stress-induced aniso-
tropy, have clear physical meanings and can be easily
determined by undrained triaxial cyclic loading tests and
drained triaxial compression tests. Once the parameters of
a geomaterial are determined, then they are ﬁxed to
uniquely describe the overall mechanical behaviors of the
geomaterial, without changing the values of the eight
parameters irrespective of the kind of loading and thedrainage conditions. That is, this can be applied whether
the loading is monotonic or cyclic, and whether the
condition is either drained or undrained. The capability
of the model to describe Toyoura sand in a uniﬁed way is
discussed in detail by Zhang et al. (2011).
Simulations of drained triaxial compression tests on
Toyoura sand and cement-treated ground under constant
mean principal stress are conducted to determine the initial
values of the state parameters of the sand. It is known
from Fig. 3(a) that the numerical results reproduce the test
results of Toyoura sand quite well.
Cement-treated ground is also modeled with the cyclic
mobility model (Zhang et al., 2007). Fig. 3(b) shows the
theoretical results of the triaxial compression test. The
peak strength of the cement-treated soil is adjusted to
1.0 MPa, a typical value that can be obtained in practical
engineering. The material parameters of the cement-treated
ground are also listed in Tables 1 and 2.
The steel piles are set in a 3 3 pattern with 3 m center-
to-center pile spacing. The pile is modeled by a hybrid
element proposed by Zhang et al. (2000), composed of a
beam element and four solid elements. The nonlinear
behavior of the steel pile is described by the AFD model
(Zhang and Kimura, 2002) and the parameters of the pile
are listed in Table 3. The concrete footing above the
ground is modeled with an elastic material, and so is the
bearing layer (DC layer).
A series of numerical tests are carried out for different
sizes and positions of the improved ground. Three inﬂuential
factors, that is, the height (H) of cement-treated ground, the
length (L) and the depth (D) from the ground surface to the
Fig. 3. Elemental behavior of sand and cement-treated soil under drained triaxial compression test.
Table 3
Parameters of steel pile.
Material (Steel pipe) SKK 490
Thickness (mm) 14
Outer diameter (mm) 1000
Pile length (mm) 32,000
Table 4
Parametric study in numerical tests.
Analysis case H (m) D (m) L (m)
NR 0.0 0.0 0.0
H¼3.0 m 3.0 7.5 9.0
H¼6.0 m 6.0
H¼9.0 m 9.0
H¼12.0 m 12.0
H¼15.0 m 15.0
D¼3.0 m 6.0 3.0 9.0
D¼4.5 m 4.5
D¼6.0 m 6.0
D¼7.5 m 7.5
D¼9.0 m 9.0
D¼10.5 m 10.5
D¼12.0 m 12.0
L¼7.0 m 6.0 7.5 7.0
L¼9.0 m 9.0
L¼13.5 m 13.5
L¼18.0 m 18.0
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the effective stress analysis, a monotonic lateral loading with a
maximum value of 50 MN is applied at the center of one side
surface of the footing, where all the nodes on the face move in
the same way, i.e. a rigid surface. Table 4 lists the parameters
of the height (H), the length (L) and the depth (D) used in the
numerical tests.
Fig. 4 shows the calculated lateral load–displacement
relations and the bending moments of pile No. 5 with
different values of the height. In the ﬁgure, NR represents
non treated ground. It is found from the ﬁgure that the
larger the height H, the smaller the lateral displacement
will be. Once the height exceeds 12 m, however, the
improvement ratio, which is deﬁned as the ratio of lateraldisplacement in the case of non-cement-treatment to those
of cement-treated, does not increase any more. The same
tendency can be found in the bending moment. The reduction
of lateral displacement due to ground improvements of
different height is listed in Table 5.
Fig. 5 shows the calculated lateral load–displacement
relations and the bending moments of pile No. 5 with
different depth values. It is known from the ﬁgure that the
best depth, where the smallest lateral displacement can be
achieved, is 4.5 m. The same tendency can be found in the
bending moment. Reduction in terms of lateral displace-
ment due to ground improvements of different depths is
listed in Table 6.
Fig. 6 shows the calculated lateral load–displacement
relations and the bending moments of pile No. 5 with
different length values. It is very clear from the ﬁgure that
the longer the pile, the smaller the lateral displacement will
be. The same tendency can be found in the bending moment.
The reduction of lateral displacement due to the ground
improvements of different lengths is listed in Table 7.
These results, however, cannot simply be applied in
practice since increasing the length of the improvement
ground without limitation involves considerable cost and
time, and the workability of the ground improvement also
needs to be considered. Therefore, a reasonable length,
together with a reasonable height of the improvement
ground, needs to be decided in real engineering projects
based on the concept of improvement efﬁciency, which is
deﬁned as the ratio of the improvement ratio to the total
volume of the improved ground. Figs. 7 and 8 show the
calculated improvement ratio and corresponding improve-
ment efﬁciency based on the lateral displacement. From the
improvement efﬁciency calculated by the numerical tests,
the optimum size and the position of the ground improve-
ment zone are determined, that is, the height (H) is 6 m, the
depth (D) is from 0 m to 4.5 m and the length (L) is 9 m.
It should be pointed out that the optimum geometrical
layout of the ground improvement is assessed based on the
push-over model, which only considers inertial force from
superstructures. In reality, however, the seismic behavior
of the soil-group pile foundation-superstructure system
is affected by a combination of inertial and kinematic
loading. There are two reasons why the push-over model is
used to select such an optimum pattern: ﬁrstly, in the
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Fig. 4. Calculated lateral load–displacement relations and bending moments of pile No. 5 (inﬂuence of height H).
Table 5
Calculated maximum lateral displacements and bending moments (different
heights).
Height H (m) Maximum lateral
displacement (cm)
Maximum bending
moment (MN m)
Non-cement-
treatment
122.0 6.49
3 114.0 6.55
6 97.9 6.46
9 81.2 6.31
12 66.2 5.85
15 62.4 5.63
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seismic behavior of the piles is evaluated with push-over
model in most cases, and secondly, when considering
kinematic loading due to soil-foundation interaction, both
the nonlinearity of soil and pile should be properly
evaluated at element level to make the sense, which may
make the selection very complicated and infeasible. In the
following chapters, the enhancement effect of the partial
ground improvement method will be investigated in detail
with a shaking table test and dynamic analysis. The way
proposed for selecting the optimum pattern is relatively
reasonable.
It should be emphasized that it is infeasible to ﬁnd a
perfect ‘optimum’ pattern. It is possible to ﬁnd a better one,
but it might be extremely difﬁcult to ﬁnd a perfect one in real
engineering problems. In practical engineering, the term
‘optimum’ used here refers to a better one in the engineering
sense.
3. Shaking table test on a superstructure-group pile
foundation-ground system with partial ground improvement
3.1. 1G shaking table device
Photo 1 shows the shaking table test device, which is
120 cm in width and 160 cm in length. The maximum
acceleration is 1 g and the maximum displacement is 5 cm.The maximum payload is 16 kN and highest frequency is
10 Hz. The vibration load is applied with very simple
air-pressure actuators that can be easily maintained. A
laminate box, with dimensions 100 cm in width and 120 cm
in length, lays on the shaking table. An oil jack is also
installed on the shaking table to drive an up-down
movable frame on which a sand-dropping device is
attached, as shown in Photo 1.
3.2. Laminate box
In order to make sure that the model ground during
shaking can avoid the inﬂuence of the ﬁxed boundary
condition, a laminate shear box, shown in Photo 2, is
deliberately manufactured with dimensions of 100 cm in width,
120 cm in length and 80 cm in height. An aluminum frame
with 25 3 cm thick layers of aluminum, are connected one by
one with smooth movable bearings in order to ensure the
deformation of the ground during earthquake loading remains
as layered ground, which is the same as the behavior of the
ground in the natural condition.
3.3. Preparation of model ground
Meanwhile, in order to prepare a uniformed model
ground with a prescribed density, a sand dropping device
laid on the up–down movable frame, shown in Photo 1, is
installed, as shown in Photo 3. Because the movable frame
can be driven up and down freely by the oil jack, the
distance from the dropping height to the surface of the
model ground during the preparation of the model ground
can be precisely adjusted to a constant value so that the
density of the ground can be kept uniform. Three small
shaking motors are installed on the dropping device to
adjust the dropping rate of the sand, as shown in Photo 3(a).
3.4. Model group-pile foundation and superstructure
Photo 4 shows the model group-pile foundation and the
superstructures. The length of the pile in prototype pile
foundation under consideration is set at 25 m, while the
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Fig. 5. Calculated lateral load–displacement relations and bending moments of pile No. 5 (inﬂuence of depth D).
Table 6
Calculated maximum lateral displacements and bending moments (different
depths).
Depth D (m) Maximum lateral
displacement (cm)
Maximum bending
moment (MN m)
Non-cement-
treatment
122.0 6.49
3 77.5 5.77
4.5 74.7 5.34
6 83.6 6.10
7.5 97.9 6.46
9 109.0 6.59
10.5 117.0 6.58
12.5 121.0 6.56
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implies a similarity ratio of 50. Fig. 9 shows the layout
of the model group-pile foundation. Table 8 lists the
parameters of the pile, pier and footing both in the prototype
and the model scales. Because the shaking table test is
conducted under a 1G condition, it is impossible to satisfy
all the similarity ratios and some compromises have to be
permitted, as shown in the table.
3.5. Partial-improved ground
In practical engineering, the ground improvement for
seismic enhancement is usually conducted by mixing some
cemented materials with the soft soils by high-pressure jet
grouting or the mechanical mixing method. In the present
study, a mixed soil from Toyoura sand and Fujimori clay,
together with portland blast-furnace slag cement B-type
(in short, slag cement), were mixed with water to make the
improved ground material. In the test, materials with
different ratios of each component of the mixed soil and
the slag cement were tested with uniaxial compression tests
to ﬁnd a suitable improved ground material. Table 9 lists
the physical properties of the optimized improved ground
material whose ratio of sand:clay:slag cement:water is
80:20:3:22.3.6. Calibration of shaking table device and
setout of measuring sensors
Fig. 10 shows the layout of accelerometers for the
calibration of the greenﬁeld. The accelerometers were
set along three columns marked with the label A, B and O,
as shown in the ﬁgure. The accelerometers were set at
depths of 10 cm, 20 cm, 30 cm and 40 cm, respectively. An
accelerometer was also installed on the table. Photo 5
shows the setup of the accelerometers. In order to ﬁx the
position of the accelerometers, a ﬂexible ring of sockets
was hung on a stiff beam that lays on the laminate box
and the accelerometers were then ﬁxed on the sockets, as
shown in Photo 5.
Fig. 11 shows the comparison of the responding accelera-
tions of the greenﬁeld at different places in the calibration of
the shaking table device. It is found that the responding
accelerations at different position but in the same horizontal
plane are almost the same, implying that the laminate box
can well reproduce the deformation behavior of layered
ground in the natural condition. It should be noticed here
that the acceleration measured on the table is just the input
vibration wave, a typical cosine wave with a magnitude of
about 6 m/s2 and a frequency of 4 Hz.
Fig. 12 shows the layout of the measuring sensors. The
accelerometers within the ground were set along the two
columns marked A and B at depths of 10 cm, 20 cm, 30 cm
and 40 cm, respectively, as shown in the ﬁgure. Position A
is located a distance of 15 cm from the center line while
Position B is 15 cm from the boundary. Accelerometers
were also installed on the table, footing and the top of
the pier.
In order to measure the axial and bending strains of the
piles, strain gauges were also installed on both sides of the
piles at different depths. Due to the limitation of the test
device, three piles in the middle row, as shown in Fig. 12,
were measured with the strain gauges. The total number of
the strain gauges is 10 2 3¼60. Here, the piles of the
row where the strain gauges were installed are labeled L,
C and R according to their positions; that is, the left is L,
the center is C and the right is R.
Table 7
Calculated maximum lateral displacements and bending moments (different
lengths).
Length H (m) Maximum lateral
displacement (cm)
Maximum bending
moment (MN m)
Non-cement-
treatment
122.0 6.49
7 83.2 5.74
9 74.8 5.35
13.5 45.7 4.19
18 34.8 3.89
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Fig. 6. Calculated lateral load–displacement relations and bending moments of pile No. 5 (inﬂuence of length L).
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In considering the reinforcement effect of the partial
ground improvement method, two cases, that is, Case 1
without improvement and Case 2 with improvement,
were tested, as shown in Fig. 13. The pattern of the
partial ground improvement is the optimized one selected
for the numerical tests described in the previous chapter in
which the soil-water coupling static elastoplastic ﬁnite
element analyses were conducted on the group-pile foun-
dation with different patterns of partial ground improve-
ment area.
Photo 6 shows the setup of the model pile foundation
and the model ground. The model ground was prepared
with the dropping method, with a suitable distance from
the dropping mouth to the surface of the model ground
kept constant during the dropping so that a ground with
uniform density can be prepared. The relative density of
the model ground is Dr¼79.8% with a standard deviation
of s¼3.95%. The average height of the model ground is
0.496 m with a standard deviation of s¼0.0038 m.
Photo 7 shows the setup of the model pile foundation
with partial improved ground. In the setup, the improved
ground mass was ﬁrstly ﬁxed with the group-pile founda-
tion in the prescribed position and then the sand was
dropped until it reached the level of the mass. Then cementwas poured into the clearance between the pile and the
mass to provide intimate contact between them as in
practical engineering. Finally, the sand was again dropped
to the level of the footing, as shown in Photo 6(b).3.8. Test results and discussion
Fig. 14 shows the acceleration measured on the shaking
table in Case 1 and Case 2. As it has been pointed out that
the acceleration on the shaking table is also the input wave
of the shear box, in the following context, they will just be
referred to as the input wave. The input wave is also a
typical cosine wave with a magnitude of about 3 m/s2 and
a frequency of 4 Hz. Due to the limitations of the air
actuator, however, a relative large wave occurs at the
beginning of shaking in both cases. It is also clear from the
ﬁgure that the two input waves are almost the same,
indicating that the reproduction of the input wave is
quite good.
Fig. 15 shows the accelerations measured at positions A and
B at the levels of GL-0.10 m and GL-0.20 m in Case 1. The
responding acceleration at the same level are almost the same
at different positions, which implies that the layered deforma-
tion behavior of the model ground can also be achieved by the
laminate shear box even when a pile foundation is buried in
the ground. The vibration of the ground was enhanced as it
transferred from the bottom to the surface of the ground, as is
shown in the ﬁgure.
Fig. 16 shows the measured time histories of the bending
moments of the piles at the level of GL-0.01 m–GL-
0.325 m. A comparison of the moment at the level
GL-0.01 m, at the top of the pile in Case 1and Case 2
indicates that the partial ground improvement can reduce
the moment greatly. On the contrary, at the level
GL-0.325 m, right beneath the partial improved ground,
the moment in Case 2 increased rather signiﬁcantly. On the
whole, the enhancement effect to reduce the bending
moment within the piles can be achieved with the partial
ground improvement method.
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Photo 1. Shaking table test device in NIT.
X. Bao et al. / Soils and Foundations 52 (2012) 1043–10611050The responding histories of all the bending moments
show a similar behavior: despite the almost constant input
vibration, the moments decreased to a very small value
after several seconds. This could be attributed to the
vibration making the sand in the vicinity of the piles much
denser, with a corresponding signiﬁcant increase in the
passive earth resistance, resulting in a reduction of the
sectional forces.
Fig. 17 shows the test results of the distribution of
bending moment at the time when the maximum bending
moment occurs. It can also be seen that the moment at the
top of the piles was reduced signiﬁcantly while the moment
beneath the partial improved ground increased. No pro-
minent difference was noted in the moment in the lower
part of the piles between Case 1 and Case 2, implying that
the range affected by the ground improvement was limited
to a local area.
Fig. 18 shows an enlarged part of the histories of the
bending moment shown in Fig. 16. At the time of 4.05 s in
Case 1, the bending moment which occurred at the pile
head in Pile R is the maximum one, followed by Pile C and
Pile L. The reason for this difference is quite clear: at this
time, Pile R is a push-into pile that has a relatively large
axial force while Pile L is a pull-out pile that has arelatively small axial force. At the time of 4.18 s, however,
a totally contrary phenomenon was observed, that is, the
bending moment which occurred in Pile L is the maximum
one, followed by Pile C and Pile R. The reason is the same
as that for what happened at the time of 4.05 s. This
phenomenon is typical axial-force dependent behavior.
X. Bao et al. / Soils and Foundations 52 (2012) 1043–1061 1051In Case 2, similar behavior can be observed at the position
beneath the ground improved area (GL-0.125 m). Fig. 18
also indicates that the maximum bending moment occurs
at different positions due to the ground improvement.
4. Numerical simulation of the shaking tests
In simulating the shaking table tests, the nonlinear
behavior of the ground and the pile are described by the
cyclic mobility model (Zhang et al., 2007) and the AFD
model (Zhang and Kimura, 2002), both of which are
capable of taking the axial-force dependency in the non-
linear moment–curvature relations into consideration.
Fig. 19 shows the 3D-FEM mesh used in the dynamic
analysis for the shaking table test of Case 2. All the ground
conditions, as well as the size of the group-pile foundation,
the footing and superstructure, are the same as those in
the shaking table test. The model ground is made from
Toyoura sand. Because of the symmetric geometric and
loading condition, only half of the domain was considered
in the calculation.
The parameters of the pile and the footing are listed in
Table 8. The parameters of the model ground (Toyoura
sand) are listed in Table 1, while the initial values of the
state parameters of Toyoura sand are listed in Table 10. In
the calculation, the input wave is just the same as the
acceleration measured on the shaking table shown in
Fig. 14. The pier is modeled with a tri-linear model while
the improved ground is simulated in the same way as in thePhoto 2. Laminate box.
Photo 3. Sand dropping device laynumerical test described in the previous chapter. The
stress–strain relation is shown in Fig. 3(b) and the material
parameters are listed in Table 1.
It should be emphasized here again that the material
parameters of the ground, Toyoura sand, are all the same
as those used in past research (Zhang et al., 2010, 2011),
implying that the parameters of the Toyoura sand are
deﬁnitely determined, regardless of the nature of the
boundary value problem.4.1. Responding acceleration
Figs. 20 and 21 show a comparison of the test and the
calculated responding accelerations at different positions;
within the ground, at the ground surface, the footing and
the top of the pier. Apart from the acceleration at the top,
where the calculated acceleration is larger than the test, the test
results are overwhelmingly well simulated by the calculation.on an up–down movable frame.
Photo 4. Model group-pile foundation and superstructure.
Fig. 9. Layout of model group-pile foundation.
Table 8
Parameters of pile, pier and footing.
Item Size
(prototype)
Size
(model)
Similarity
ratio
Pile diameter (m) 1.00 0.02 50
Thickness of pile (m) 0.014 0.001 14
Pile length (m) 25.00 0.50 50
Pile spacing (m) 3.00 0.06 50
Bending stiffness of pile
(N m2)
1.11Eþ09 1.89Eþ02 5.87Eþ06
Weight of upper structure
(kN)
7.38Eþ03 0.059 1.25Eþ05
Height of pier (m) 7.50 0.15 50
Width of footing (m) 9.00 0.18 50
Thickness of footing (m) 2.50 0.05 50
Elastic modulus of pile Ep
(kPa)
– 7.0Eþ07 –
Density of pile r (t/m3) – 2.7 –
Table 9
Physical properties of improved ground material.
Wet unit weight gt (kN/m
3) 19.9
Water content w (%) 21.6
Uniaxial strength qu (kPa) 600
Poisson’s ratio n 0.20
Deformation stiffness E50 (MPa) 10.8
X. Bao et al. / Soils and Foundations 52 (2012) 1043–106110524.2. Responding bending moment
Fig. 22 shows the comparison of the test and the
calculated responding histories of the bending momentswithin the time interval 4.0–4.5 s. Apart from a small phase
difference, the magnitudes of the moment coincide well
with each other.
Fig. 23 shows the calculated time histories of the bending
moments at the positions of GL-0.01 m, GL-0.125 m, and
GL-0.325 m. A comparison of the results with Fig. 16
indicates that the test results are well simulated on the
whole, with the only difference being that in the calculation,
the decreasing degree of the moment at the end of the
vibration is not so prominent as that observed in the test.
The calculated bending moment at the top of the piles is
greatly reduced due to the partial ground improvement.
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Fig. 10. Layout of accelerometers for calibration of green ﬁeld.
Photo 5. Setup of accelerometers.
Fig. 11. Responding accelerations of green ﬁeld in the calibration of shaking table device.
X. Bao et al. / Soils and Foundations 52 (2012) 1043–10611054Fig. 24 shows a comparison of the test and the calculated
distribution of the moments in different piles at the time when
the maximum bending moment occurred. The test results are
simulated on the whole to some extent, but with largeFig. 12. Layout of measuring sensors.
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Fig. 13. Test cases conducted in 1G shaking table test.
Photo 6. Setup of model pile foudifference at the end of the pile where the test results are
overestimated by the calculation, in Piles L and C. Meanwhile,
the difference between different piles is much smaller than
those observed in the test. The discrepancy between the test
results and the calculation might originate from the ﬁxed
condition of the pile end since the pile end is inserted into a
hole with a depth of 1 cm in the test, which may give rise to
some restrictions on the rotation of the end. In the simulation,
however, the pile end is assumed to be rotation free. Further
discussion on this issue should be done in a future study.
It is also known from Fig. 24 that although partial
ground improvement really determines the expected effect
at the pile head, large bending moments at natural soil/
reinforced soil interface arise in the same order of the
magnitude of those at the pile head. It means that the
bending moments at natural soil/reinforced soil interface
become critical for pile design under seismic loading. The
limited enhancement effect of the partial ground improve-
ment in the test situation is acknowledged. The reason for
this phenomenon is quite clear; it is due to the notable
difference between the stiffness of the natural soil and the
reinforced soil. In practical engineering, however, it is
possible to reduce the stiffness of the reinforced soil by
controlling the cement injection so that a more even change ofndation and model ground.
Photo 7. Setup of model pile foundation with partial improved ground.
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X. Bao et al. / Soils and Foundations 52 (2012) 1043–1061 1055the stiffness around the interface can be expected, and this can
be expected to reduce the increase of the moment around the
interface. Further study on this issue by shaking table tests and
numerical tests need to be done to clarify this.
Fig. 25 shows an enlarged part of the histories of the
calculated bending moments at different positions. Similar
to the test results shown in Fig. 18, the magnitude of the
bending moments is dependent on the axial force of
the pile; that is, the maximum moment always occurred
in the push-into pile that has a relatively large axial force
while the minimum moment occurred in the pull-out pile
that has a relatively small axial force. Though this
phenomenon in the calculation is not as prominent as
observed in the test, the tendency is clearly simulated,
suggesting the calculation is quite accurate.
Compared with previous studies related to the enhance-
ment effect of partial ground improvement in increasing
the overall seismic performance of group-pile foundation,
what is new in this paper is that not only shaking
table model tests but also 3D dynamic FEM analyses
using a full system with superstructure, group-pile founda-
tion and ground, were conducted simultaneously. Two
main purposes of this paper have been achieved. The ﬁrst
is that the enhancement effect is veriﬁed both in the
tests and analyses. The second is that the numerical method
used in the analyses is proved to be applicable in evaluating
the seismic behavior of soil-foundation-superstructure system,
which may be useful in practical engineering.5. Conclusions
In this paper, numerical tests with 3D static FEM
analyses on seismic enhancement effect of existing group-
pile foundation with ground improvement are ﬁrst con-
ducted ﬁrstly to ﬁnd out an optimum pattern of the ground
improvement, using the DBLEAVES program. Based on
the results, a shaking table test was then conducted on a
model full system with a superstructure, a nine-pile
foundation and a sandy ground using the selected optimum
pattern of the ground improvement to verify the enhancement
effect of the partial ground improvement method. Moreover,
the test result was also simulated with 3D dynamic FEM
analyses using the same DBLEAVES program. The following
conclusions can be made:1. By careful installation and calibration of the shaking
table test device, and by the delicate preparation of the
model ground, it is possible to conduct a high-quality
free ground motion to simulate an earthquake vibration
in a natural way. Especially the up–down movable
frame on which the sand dropping device is laid, can
provide much uniformed ground in any prescribed
initial relative density. A very thin multi-layer laminate
box can provide a uniform layered ground movement
during shaking.2. In the analysis, the material parameters of the ground,
Toyoura sand, are all the same as those used in the past
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X. Bao et al. / Soils and Foundations 52 (2012) 1043–10611056research (Zhang et al., 2010, 2011), implying that the
parameters of the Toyoura sand are deﬁnitely deter-
mined, regardless of the boundary value problem.3. In ﬁnding out the optimum pattern of ground improve-
ment around existing pile foundation, numerical calcu-
lations were done for static loading with many patterns
considering three inﬂuential factors; that is, the size, the
location and the shape of the partial ground improve-
ment around the pile group. It is found based on the
concept of improvement efﬁciency that for the present
pile foundation, the optimum pattern is when the partial
ground improvement zone is 6 m in height, 0 m–4.5 m in
depth and 9 m in length.4. Based on the optimum pattern, the efﬁciency of seismic
enhancement by the partial ground improvement method is
conﬁrmed by the shaking table test. It is found that on the
whole, the enhancement effect to reduce the bending
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Fig. 18. Test results of time histories of bending moment at different positions.
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Fig. 19. 3D-FEM mesh used in dynamic analysis (Case 2).
Table 10
Initial values of state parameters of Toyoura sand in simulating shaking
table tests.
Initial void ratio e0 0.68
Initial mean effective stress p (kPa) 100.0
Initial degree of structure R0
n 0.99
Initial degree of overconsolidation OCR (1/R0) 30.0
Initial anisotropy f0 0.0
Note: Density r¼1.579 (t/m3); Relative density Dr¼0.80
X. Bao et al. / Soils and Foundations 52 (2012) 1043–1061 1057moment within the piles can be achieved with the partial
ground improvement method, especially within the
improved area. In the present case, the bending moment
at the top of the pile is reduced greatly.5. A numerical simulation of the shaking table test with a
3D dynamic FEM analysis using DBLEAVES was alsoconducted. The same tendency of the reinforcement
effect of the partial ground improvement method was
observed in the shaking table test. The efﬁciency of the
partial ground improvement method for the seismic
reinforcement of the existing pile foundation is also
conﬁrmed by the numerical analysis. Limitations to the
enhancement effect of the partial ground improvement
in this particular setup are acknowledged. Further study
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Fig. 21. Comparison of test and calculated responding accelerations (Case 2).
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Fig. 23. Calculated bending moments at different positions.
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X. Bao et al. / Soils and Foundations 52 (2012) 1043–1061 1059on this issue by shaking table tests and numerical tests
should be performed in future work.6. The most important result newly obtained in the present
study is that the enhancement effect to reduce the
deformation of an existing group-pile foundation and
the bending moment of the piles can be achieved with
the partial ground improvement method, and this has
been conﬁrmed by both the shaking table test and the
elastoplastic ﬁnite element analysis. The partial ground
improvement method has been used in practical engi-
neering for some years but its enhancement effect has
not been clariﬁed systematically in previous studies.
Another important result newly obtained in the present
study is veriﬁcation that the proposed numerical
method using DBLEAVES is capable of properly
evaluating the seismic behavior of pile foundation.
In the numerical analyses, the nonlinear behaviors of
ground and pile are described by the cyclic mobility
model and the AFD model, respectively.
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Fig. 25. Calculated time histories bending moments at different positions.
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